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Abstract
The wall slip behaviour of a solid granular soap was investigated in the context
of ram extrusion, with particular focus on determining the sensitivity of the
wall shear stress to the pressure within the soap, as well as the slip velocity.
Two novel slip measurement devices were used to infer the shear stress: a two
stage extrusion die with inbuilt pressure gradient measurement; and a combined
compression–translation assembly to measure the frictional force between the
soap and the wall. Both devices provided differing measurements of the pres-
sure sensitivity, and gave shear stress estimates in agreement with a Benbow
and Bridgwater (1993) analysis of the extrusion behaviour, which cannot gauge
pressure dependence.
The influence of the wall material on the slip and extrusion behaviour was
also investigated, using three geometrically identical extruders constructed from
polycarbonate, stainless steel and tungsten carbide. There was found to be a
non-negligible relationship between wall material, wall surface roughness, and
the Benbow–Bridgwater extrusion parameters, in which the wall shear stress
was greatest against the smoothest, cemented tungsten carbide wall in contrast
to a rougher stainless steel and rougher-still polycarbonate wall.
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1. Introduction
The extrusion of dense solid–liquid suspensions is used as a net shape forming
method for a wide range of products, from foodstuffs to machining tools (Wilson
and Rough, 2006). A common feature of the flow of these materials is wall slip,
and in particular apparent slip as described by Barnes (1995). True slip, in which5
the fluid molecules slide directly along the wall, is not typical of suspensions but
has been noted in polymer melts (Ansari et al., 2012).
Wall slip is often reported in studies of dense suspensions and related materi-
als, e.g. Martin and Wilson (2005), Kalyon (2005) and Mitsoulis and Hatzikiri-
akos (2009). One mechanism for apparent slip in suspensions is the spontaneous10
reduction of the effective solids volume fraction adjacent to the wall, described
in detail by Kalyon (2005). Owing to the strong relationship between the solids
volume fraction and viscosity (e.g. Krieger and Dougherty 1959), this layer of
reduced viscosity acts as a lubricant between the stationary wall and the bulk
flow giving the appearance of slip macroscopically.15
Most measurements of slip in the literature are motivated by a need to quan-
tify and subsequently remove it from rheological measurements. Mooney (1931),
Jastrzebski (1967) and Yoshimura and Prud’Homme (1988), among others, all
describe experimental procedures for correction of capillary, Couette and paral-
lel plate rheometry data from wall slip effects. As wall slip effectively enhances20
the flow of material within a channel, its occurrence manifests as a larger appar-
ent shear rate than the true value. The degree of error does however scale with
the size of the rheometer, and extrapolation to the no slip case is often made by
testing a material using different gap sizes or channel diameters to obtain the
true apparent viscosity curve. The above procedures are not always successful25
or appropriate for slip in dense suspensions, however, as noted by Martin and
Wilson (2005), and the modelling of such flows remains the subject of ongoing
research.
Navier (1823) was the first to propose a slip model based on tangential
motion of fluid molecules in contact with a solid surface, relating the velocity
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of slip Vslip to the velocity gradient normal to the wall, as in equation 1 for a
cylindrical coordinate system (r is the radial coordinate, V is the fluid velocity).
The constant b has units of length and is referred to as the slip length; this can
be interpreted geometrically as the distance into the wall at which the velocity
profile would become zero.
b
dV
dr
= Vslip (1)
The Navier model is formulated for true slip as defined above, but it is
also applicable to apparent slip systems where the velocity gradient of the bulk
flow near the wall is used, rather than that of the low viscosity depleted layer
which itself has a zero slip velocity. The Navier model is formulated for fluids
of constant viscosity, though it can be extended by considering the relationship
of the shear stress at the wall (τW) to the shear rate, as in equation 2, where η
is the apparent viscosity.
τW = η
dV
dr
=
η
b
Vslip = βVslip (2)
The parameter β is the slip coefficient and for a non-Newtonian fluid is a
function of both the material and the slip behaviour. The relationship between
τW and Vslip is sometimes found to be non-linear (Hatzikiriakos and Mitsoulis,
2009; Wang et al., 2010), and the Navier model can be extended as shown in
equation 3 where n is the power-law exponent for the slip behaviour. This is
justified by the likely non-Newtonian rheology of the depleted layer, particularly
if the liquid binder itself is non-Newtonian.
τW = βV
n
slip (3)
The Navier slip condition can be viewed in contrast to the basic model of
Coulombic solid–solid friction, in which the tangential stress is independent of
sliding velocity but directly proportional to the normal stress. Benbow and
Bridgwater (1987) proposed two hybrid slip functions for paste flows based on
the Navier model, incorporating pressure dependence in place of normal stress,
given as equations 4 and 5, where b1 is a constant, µ is a friction coefficient and P
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is the pressure at the wall. These models were motivated by experimental data
from extrusion of alumina pastes, though pressure-dependent slip has also been
observed in molten polymer systems (Hatzikiriakos and Dealy, 1992; Stewart,
1993).
τW = τ0 + µP + βV
n
slip (4)
τW = τ0 + b1PV
n
slip (5)
Here, τ0 is the stress required to initiate slip at the wall, sometimes referred
to as a slip yield stress. It is analogous to the shear force required to initiate30
sliding at a solid–solid boundary represented by the static friction coefficient.
In an apparent slip system a slip yield stress is logical as the lubricating layer
forms primarily due to a shear rate gradient at the wall (Leighton and Acrivos,
1987). Starting from rest, the densely packed arrangement of particles close to
the wall must be broken down before slip can initiate.35
This work presents several measurements of the wall slip of a solid granular
soap in the context of extrusion. While soap is not a solid–liquid suspension in
the conventional sense, it does contain some moisture and acts as a lubricant
under certain circumstances, being used as a base for lubricating greases. It is
an interesting candidate for a material which could display either solid-like slip40
(normal stress-dependent, velocity-independent) or liquid-like slip as described
above (normal stress-independent, velocity-dependent). Extrusion of soap ma-
terials has been studied previously, for example by Amarasinghe and Wilson
(1998), Domanti and Bridgwater (2000), Kalyon et al. (2004) and Barnes et al.
(2006), where soaps were found to be reproducible and reliable extrusion ma-45
terials with behaviour conforming to the Benbow and Bridgwater (1993) model
for extrusion. It is important to distinguish between solid soap as studied here,
consisting of pure stearates with minimal water content, from bar soaps or soaps
containing fragrances or softeners (often oil-based), such as those studied by Ka-
lyon et al. (2004) and Barnes et al. (2006), which have additional liquid content50
and as such flow more readily.
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In particular, the present work seeks to determine whether the wall slip
behaviour of soap is pressure dependent, as in equation 4 or 5. Also tested
is the effect of the wall itself on the slip behaviour. The wall material is of
consequence to solid–solid friction measurements, where friction coefficients are55
always defined for a pair of materials, but has to the best of our knowledge not
yet been studied in the context of dense suspensions or paste extrusion.
2. Materials and methods
A commercial solid granular soap was sourced to act as the test material (Dri-
Pak Ltd, UK), which the manufacturer indicated was produced from a blend of60
sunflower and coconut oils with no additives, and as such is likely to contain only
pure stearates, which are a solid lubricant. The soap consisted of flat, plate-like
granules of typical size 5 mm with a translucent cream colour. The moisture
content of the soap was determined by vacuum drying to be around 7.5 wt%.
Further investigations into the extrusion behaviour of the soap can be found in65
Bryan et al. (2017). Differential scanning calorimetry of the material indicated
a broad melting band beginning at approximately 45◦C which would manifest
in a gradual softening of the soap material. All experiments were conducted
in a temperature- and humidity-controlled laboratory at 23◦C and 50% R.H.,
though the extrusion tooling itself was not temperature controlled.70
2.1. Standard extrusion protocol
The extrusion behaviour of the soap was classified using the Benbow and
Bridgwater (1993) approach, which relates the pressure required to extrude the
material to aspects of the extruder geometry, a material yield stress (σY) and a
wall shear stress in the extrusion die (τW). In the current context the wall shear75
stress is of most interest as it can be interpreted in the context of the slip models
presented previously, in particular equation 4 with zero pressure dependence (µ
set to zero).
The ram extruder used was of the concentric cylinder, square-entry type
(shown in figure 1) with barrel diameter 25 mm (D0) and die diameter 3 mm80
5
(D). Dies of length (L) 16, 22, 28, 40, 52, and 58 mm were used. The maxi-
mum extrusion pressure attainable with the device was 120 MPa and the max-
imum ram velocity (Vram) was 10 mm/s. The extrudate is assumed to undergo
complete slip against the wall of the die at a velocity Vex, the extrudate ve-
locity, estimated by conservation of volumetric flow between the barrel and die85
(VexD
2 = VramD0
2) assuming incompressibility of the material, which is stan-
dard practice in extrusion studies of this type. Details of the operation of the
extruder can be found in Bryan et al. (2015).
Three sets of extrusion tooling (barrels and dies) were fabricated from stain-
less steel (SS), polycarbonate (PC) and cemented tungsten carbide (WC) in90
order to ascertain the effect of wall material on the slip behaviour (to be gauged
through variation in τW). The surface finishes of each set could not be made
equal owing to constraints on the manufacturing, although all cylindrical sur-
faces were reamed to achieve even finishes. To account for the differences in each
surface, surface roughness measurements were taken using a stylus profilometer95
(Form Talysurf 120, Taylor Hobson Ltd, UK). A summary of Ra values (arith-
metic average of absolute deviation) for the barrel walls is given in table 1. The
roughnesses of the dies could not be tested owing to the narrow diameters of
the channels, but are assumed to be similar.
The surface roughness varies noticeably, with PC having the roughest surface100
(likely due to faster machining). The difference of nearly two orders of magni-
tude means that interpretation of the results from each extruder set must take
into account both the wall material and the roughness, and it is not possible to
decouple the effects. While this is not ideal, constraints on manufacturing new
tools meant the above sets were used.105
2.2. Two-stage extrusion die
While the Benbow–Bridgwater approach gives an estimate of τW, the wall
shear stress in the die, it does not provide insight on the pressure in the flowing
material and as such gives an incomplete description of the state of stress at the
wall. This has the potential to obscure more complex slip behaviour than that110
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initially assumed by Benbow and Bridgwater.
The two-stage extrusion die consists of a device to measure the pressure
gradient within a flowing extrudate, from which the slip behaviour can be in-
ferred independently of the bulk deformation behaviour, while also allowing the
pressure that the slipping material is experiencing to be changed.115
The device, shown in figure 2, is a stainless steel ‘primary’ cylindrical extru-
sion die of diameter 11 mm (Dp) and length 110 mm (Lp), which is attached to
a 25 mm diameter extrusion barrel. Three radially-facing pressure transducer
ports are located along the die wall, spaced 25 mm apart. Kulite XTM-190(M)
transducers (Kulite Semiconductor Products, Inc., USA) were used to measure120
the pressure gradient (effective operating range 0–35 MPa). It is possible to
attach a small, secondary die at the exit of the main channel, creating in effect
a second extruder. A range of ‘secondary’ dies was constructed from stainless
steel with diameters of 3, 4 and 6 mm and lengths ranging from 5 to 35 mm.
By adjusting the ram velocity in the barrel, the slip velocity in the primary125
die can be modified. Meanwhile, the pressure in the primary die can be adjusted
by applying a larger L/D secondary die, which increases the resistance to flow
through the system.
The flow in the primary die is predominantly plug-flow due to the material
yield stress with little, if any, bulk deformation. Unlike in the barrel, where
the billet becomes shorter with ram displacement, the length of the material
flowing in the primary die is constant. The result is that the three transducers
should measure a constant pressure gradient throughout the extrusion. The wall
shear stress τW is calculated via a simple force balance on the confined material,
equation 7:
piDpτWdz︸ ︷︷ ︸
Force from wall
= pi
D2p
4
dP︸ ︷︷ ︸
Force on cross-section
(6)
τW =
Dp
4
dP
dz
(7)
where z is the axial coordinate and the P is the pressure. A necessary assump-
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tion is that the measured radial pressure is equivalent to the axial stress on the130
cross-section, implying that the stress state is locally isotropic. While it was
not possible to measure this axial stress in the primary die directly to confirm
this assumption, measurements were made of the axial and radial pressure just
upstream of the primary die entrance, in the main barrel. The pressures mea-
sured by two transducers, one embedded in the die face (axial orientation, 10135
mm radius from the centre) and the other in the barrel wall (radial orientation,
12.5 mm above the die face) were found to be equivalent for the solid granular
soap.
2.3. Compressed slip device
A further advance on the ability to decouple wall slip from flow behaviour as140
well as control the pressure in the slipping material is the compressed slip device
(shown in figure 3). A cylinder of the test material is confined between two
brass platens in a cylindrical channel, with the confinement pressure adjusted
by clamping the platens closer together. The assembly is then translated along
the channel while the force required to cause the motion is measured. This145
force, once corrected for friction between the platens and the wall, is directly
linked to the material–wall shear stress.
The translation action and force measurements are carried out by an instru-
mented strain frame, allowing the translation speed (essentially the slip velocity)
to be set from 0 to 10 mm/s. The cylindrical channel is the stainless steel extru-150
sion barrel of diameter 25 mm described above. The compaction pressure in the
billet was measured using a pressure transducer embedded axially in the bottom
platen, slightly offset from the central connecting rod. To control leakage, each
platen was machined to include a 1 mm Viton O-ring (DuPont Performance
Elastomers LLC, USA) in contact with the wall.155
The device allows confining stresses to be generated up to and including the
35 MPa limit of the embedded pressure transducer. A similar device was used
by Benbow and Bridgwater (1987) for measuring pressure-dependent slip in
alumina pastes; their device used the action of a spring to compress the sample.
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A disadvantage of the spring is that the compressive stress varied throughout160
the test, preventing transient slip effects from being observed.
The frictional force F measured by the load cell was converted to a wall
shear stress assuming τW to be uniform across the billet surface, i.e. τW =
F/piD0Lb where Lb is the billet height. For a granular material, however, τW
may not be uniform over the surface due to the distribution of radial stress from165
compression, and heterogeneity on the billet surface itself. This was taken into
account by measuring wall slip in billets of different aspect ratio, with heights
ranging from 13 to 73 mm. The distribution of τW should become more uniform
in shorter billets, and hence taking a simple average over the contact area would
be more valid.170
The residual friction between the platens and the wall was measured by con-
ducting a test with no material sample at each translation speed. The results
were then subtracted from measurements made with samples loaded. The resid-
ual forces are typically 1–2 orders of magnitude smaller (at 10–20 N) than those
when using solid soap in the device.175
It is possible that the residual friction is affected by the confinement pressure.
This was not possible to measure directly as the seals cannot be put under stress
without a sample of material being loaded.
A standard experiment involved translating the assembly in both directions
along the channel at the same speed, followed by an increase in velocity for a180
further cycle. This pattern generated a sequence of positive and negative slip
forces which increased with time. Between each stage a period of recovery time
was observed (typically 10 seconds) to allow any frictional heat to dissipate.
The final stage was a repeat of the first velocity to gauge whether the material
had suffered any hysteresis.185
3. Results and discussion
3.1. Benbow–Bridgwater characterisation with different wall materials
The Benbow–Bridgwater characterisation of soap in each barrel and die set
is shown in figure 4. Since the barrels and dies are of identical geometry, all
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wall-specific effects would be characterised by changes to the parameters σY190
and τW, and in particular the latter. The values of the parameters at each
extrudate velocity, Vex, are derived from the slope and intercept of a graph of
extrusion pressure against increasing die length (specifically L/D) at that Vex;
τW is calculated from the slope whereas σY is derived from the intercept. The
extrusion pressure data were found to be suitably linear to carry out such a195
calculation of σY and τW in each case.
Referring to the surface roughness of each extruder (table 1), the smooth
tungsten carbide walls might be expected to decrease the resistance to wall slip
as the solid soap would not need to deform so severely around surface features.
However, the opposite effect is seen, with the measured wall shear stress (τW)200
decreasing with increasing surface roughness. The associated trend in σY is
harder to attribute to changes in the wall material as it is intended as a property
of the material rheology alone. In this instance it is likely that the trend is due
to the fitting process used to derive τW and σY, in which an increased slope on a
plot of extrusion pressure against L/D (giving τW) will lead to a lower intercept205
(σY) and vice versa.
The coupled variation in wall material and surface roughness makes isolating
the cause of this trend difficult. A thermal mechanism to explain the data is
that frictional heating would be expected to increase against rougher surfaces,
while the rate of heat sinking by the wall would increase with larger thermal210
diffusivity. Heating of the soap against each wall may influence localised melting
and lubrication and hence the wall slip. Referring to the roughness and thermal
diffusivity values in table 1, both properties of each wall tested agree with the
trends in the observed data.
Wall heating effects are not, however, able to account for their differences in215
all aspects. Estimates of heat sink capacity (not reported) indicated that a 20 K
rise in local temperature required for the soap to reach the softening threshold
(as inferred from calorimetry data) was unlikely to occur in the metal extruders.
Furthermore, the linearity of the extrusion pressure versus L/D plots, used in
the determination of the Benbow–Bridgwater parameters σYand τW, indicated220
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little effect of contact time at the wall. If viscous heating was significant, the
soap layer at the wall would be expected to be heated more, and therefore soften
more, with longer dies.
Systematically decoupling the effect of surface roughness from the wall ma-
terial was beyond the scope of the current work, as the surface finishes of the225
tools used were the standard available at the time of machining. The results
serve as an indication of the potential effect of extruder construction on wall slip
and indeed extrusion behaviour as a whole. It would be useful to conduct tests
in which the roughness can be more carefully controlled, allowing effects such as
the balance between frictional heating and local heat sinking to be investigated.230
3.2. Two-stage extrusion die
Extrusion profiles for soap in the two-stage extrusion die are shown in figure
5. The velocities used represent both limits of ram (and hence slip) velocity.
The increased noise in the pressure readings at the lower extrusion velocity
is likely due to poor compaction of the soap in the primary die at lower extru-235
sion pressure. Several tests were also conducted without a secondary die (data
not shown), hence at very low extrusion pressures, in which the extrudate was
found to be very brittle and fractured easily. These features would register as
fluctuations in the measured pressure as they passed each transducer embedded
in the primary die. Such noise in extrusion pressure data was investigated in240
detail by Amarasinghe and Wilson (1998).
For experiments using secondary dies, the data can be processed to provide
an instantaneous wall shear stress by estimating a linear pressure gradient from
the three transducer readings. The instantaneous τW does not change substan-
tially throughout the extrusion, as shown for a single velocity in figure 6. The245
fluctuations in τW arise from noisy pressure transducer readings, but they do
appear to be evenly distributed around a mean, implying that the soap–wall
behaviour itself is effectively constant.
The figure also shows that there is no correlation between secondary L/D
and τW, indicating a slip mechanism which is only weakly pressure-dependent.250
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The fact that the soap is mostly dry makes this a surprising result, as it might be
expected to conform to a solid–solid friction which depends on normal stress.
The magnitude of τW is, however, consistent with the data derived from the
Benbow–Bridgwater analysis of soap extrusion in figure 4 (viz. τW ≈ 0.15 MPa
at Vex = 30 mm/s for SS).255
Extrusions using the two-stage die were conducted over the full range of
possible ram velocities and using the four secondary dies indicated in figure 6.
The τW data, derived from the primary die pressure gradients, are shown in
figure 7. The lines fitted to the data in each plot assume slip behaviour which
is solely a function of pressure or velocity, respectively. In all probability the260
behaviour is dependent on some combination of the two parameters, forming a
three dimensional surface in both variables of the form suggested by equation
4. Fitting this equation to the whole data set provides values of: τ0 = 0.1
MPa, µ = 0 MPa/MPa, β = 0.75 MPa/(m/s)n and n = 0.75. The value µ
= 0 MPa/MPa in this simultaneous fit indicates that there is no correlation265
of τW with pressure, corroborated by the high degree of scatter in figure 7(a).
Equation 5, which combines a multiple of pressure and velocity to model τW,
did not provide a good fit to the data owing to its insistence on some degree of
correlation with pressure.
The data do, however, display a reasonable correlation between τW and270
Vslip, and agree in magnitude with the Benbow–Bridgwater analysis. A lack of
pressure dependence is the typical assumption when analysing apparent, liquid
layer-mediated slip in suspensions, although studies such as Tang and Kalyon
(2008) have shown that pressure-dependent wall slip can lead to flow instabil-
ities. With the solid soap tested here it is unlikely there is sufficient liquid275
to allow the liquid layer-mediated mechanism to occur, though the lubricating
properties of the material may allow it to emulate the liquid-rich layer in these
circumstances.
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3.3. Compressed slip device
Data collected from a typical compressed slip experiment are shown in figure280
8, using a confining pressure on the order of 5 MPa. Positive slip force cor-
responds to positive displacement in the channel (vertically downwards), and
negative slip force corresponds to the return to the initial position. The data
presented are corrected for residual friction between the rig and the wall as
described previously.285
The friction force recorded is a function of the slip velocity and shows agree-
ment with the trend presented earlier. The first and last stages of the experiment
were both conducted at 0.5 mm/s and showed minimal difference in the slip be-
haviour over the course of the test, suggesting there were minimal changes to
the billet itself (due to softening, say) which may have influenced the results.290
Also interesting to note are the slip force transients at the initiation of motion
in each direction; these are indicative of a static to dynamic friction transition
typical of solid–solid contact behaviour.
To calculate a wall shear stress from the raw force data, it is necessary to
assume that the stress normal to the wall does not vary substantially with axial295
position in the billet. This condition is more likely to be true for short billets
than long, as there is less surface over which to average the force. Results from
tests with billets of different lengths (given as an aspect ratio Lb/D0) are shown
in figure 9.
Longer billets appear to slip with a lower wall shear stress, implying that300
the soap–wall friction force is not evenly distributed. Allowing for the degree
of noise in the data, however, the calculated stress does tend towards being
independent of the billet length as the aspect ratio is reduced. An Lb/D0 value
of 0.52 was the smallest that could be practically used owing to the clearance
required between the upper platen and the lower nut. An aspect ratio of 0.76305
was chosen for further experiments due to more straightforward assembly of the
device within the channel.
Figure 10 summarises some of the results from experiments with billets of
length 19 mm (Lb/D0 = 0.76). The data are displayed on two plots separately
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as a function of confining pressure or velocity, these representing slices through a310
three dimensional plot against both variables. Due to a gradual loss of confining
pressure throughout each experiment, likely due to small amounts of leakage of
material around the O-ring seals, it is necessary to categorise the data in figure
10(a) into bands of pressure 4 MPa wide.
The velocity data form power-law-like curves similar to previous results, and315
with similar magnitudes of τW, albeit with substantial scatter at larger confining
pressures. The pressure dependence is subject to an even larger degree of un-
certainty, though there is a consistent positive correlation between τW and the
confining pressure. This scatter implies there are other factors influencing the
recorded slip force which are of a similar magnitude to the pressure dependence;320
these could arise from slight differences in the billet surface in each experiment,
or in the rate of the aforementioned leakage of material from the device.
While the data are scattered, the number of τW measurements allows some
estimate of trends in the slip behaviour to be made. The power-law-like velocity
dependence and the weak pressure dependence permits parametric fitting to a325
slip model such as equation 4. This fitting yields the following values: τ0 = 0
MPa, µ = 0.0046 MPa/MPa, β = 2.61 MPa/(m/s)n and n = 0.61. As with
the two-stage extrusion die, equation 5 was found not to fit the data well in
comparison to equation 4, and as such the parameters have not been reported.
The zero value of τ0, the slip yield stress, in particular is questionable as330
there is evidence of a static to dynamic friction transition in the raw data
presented above. A better estimate of this parameter could be ascertained by
conducting compressed slip device experiments gradually increasing the force
applied to the billet, starting from rest and recording the start of translation,
and subsequently reducing the force until cessation of movement. Unfortunately335
this was not possible due to limitations of the equipment, but would be an avenue
for further work.
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3.4. Comparison of methods
Comparing results from all three methods of wall slip measurement must be
done with care as they each cover different ranges of slip velocity and pressure.340
The Benbow–Bridgwater approach covers the widest range of velocities (from
0 to 250 mm/s in the current configuration) but at an uncontrolled pressure,
likely on the order of 10 MPa. In contrast, the two-stage extrusion die covers
a 0–50 mm/s range while the compressed slip device only covers 0–10 mm/s.
The smallest extrusion velocity used in the Benbow–Bridgwater analysis was345
10 mm/s, which precludes direct comparison with the compressed slip device
except in the most qualitative sense.
Such a comparison is shown in figure 11. This uses a direct fit to the Benbow–
Bridgwater data and the four parameter slip model (equation 4) evaluated at 10
MPa confining pressure for both the two-stage extrusion die and the compressed350
slip device. As noted, at the lowest velocities the estimated τW values are very
sensitive to any potential slip yield stress (τ0), particularly for the Benbow–
Bridgwater estimate as there is only one datum defining the shape of the curve
below Vslip = 10 mm/s.
With this in mind, it appears that the two-stage extrusion die and the355
Benbow–Bridgwater results agree. This is reassuring as they are based on sim-
ilar principles, i.e. they both use an estimate of the pressure gradient in the
flowing material in the die. The compressed slip device estimate of τW is larger,
but is the only method to provide well-resolved data at low velocities.
A possible explanation for this discrepancy is that the nature of the com-360
pression of the soap billet in the compressed slip device, in conjunction with the
low velocity, enforces stronger wall–soap interaction than in the flowing systems.
This is corroborated by the stronger pressure dependence result than in either
flowing system. Stronger pressure dependence at low velocities in an alumina
paste was hypothesised by Benbow and Bridgwater (1987) to be due to stick–365
slip interaction, and that at higher velocities the paste did not have sufficient
time to form strong adhesive bonds with the wall.
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4. Conclusions
The wall slip behaviour of a solid granular soap has been shown to be non-
trivial and worthy of further study. The techniques developed for the investiga-370
tion of wall slip in extrusion flow both attempt to decouple the measurement of
wall shear stresses from the bulk deformation behaviour, and in doing so allow
greater control over the conditions of wall slip, namely the pressure of the ma-
terial in contact with the wall. For the case of soap, there was found to be no
influence of pressure on τW at larger slip velocities in the range 0–50 mm/s, but375
some effect at low velocities and when sufficient confining pressure was applied
using the compressed slip device. The two methods developed are complemen-
tary in terms of the slip velocities they can measure. However, further work is
required to refine the protocols in order to reduce scatter in the experimental
data.380
Also investigated were the effects of the barrel and die material on the ex-
trusion behaviour, focusing in particular on the wall slip behaviour of the soap.
The sequence of experiments indicated that the wall shear stress against a ce-
mented tungsten carbide wall was greater than that in a stainless steel extruder,
and greater still than in a polycarbonate extruder. The slip behaviour was con-385
sistently found to be of a power-law in slip velocity-type, with a negligible slip
yield stress (τ0). The experiments were unable to control the surface rough-
nesses of the extrusion tooling, such that the trends must be interpreted in
the context of both the material and the surface finish. The trend in the data
does correspond to differences in the thermal diffusivity of the three materials,390
and also correlates with the roughness if it is assumed that frictional heating
is significant. Further work is required to isolate the effects of wall material
and surface roughness on the slip behaviour. The current findings nevertheless
indicate a need to consider these factors when interpreting data gathered with
different extruders or from the literature.395
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Nomenclature
Roman400
b Slip length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
b1 Slip constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [(m/s)
−n]
D Die diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
Dp Primary die diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
D0 Barrel diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]405
F Friction force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N]
L Die length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
Lb Billet length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
Lp Primary die length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
n Navier slip exponent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [-]410
P General pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]
Pex Extrusion pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]
r Radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
Ra Arithmetic average of absolute surface roughness . . . . . . . . . . . . . . . . . . [m]
V General velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]415
Vex Extrudate velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]
Vram Ram velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]
17
Vslip Slip velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m/s]
z Axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
Greek420
β Navier slip coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa/(m/s)n]
η Apparent viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa s]
µ Friction coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa/Pa]
σY Benbow–Bridgwater yield stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]
τW Wall shear stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]425
τ0 Wall slip yield stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]
Abbreviations
PC Polycarbonate
SS Stainless steel
WC Tungsten carbide430
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Figure 1: Schematic diagram of the vertical, concentric cylinder ram extruder with a square-
entry geometry used for the standard extrusion experiments. The barrel diameter (25 mm)
corresponds to D0, while 3 mm is the die diameter, D.
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Figure 3: (a) Image of the compressed slip device outside of the cylindrical channel. (b)
Cross-section diagram of the compressed slip device located inside the cylindrical channel.
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Figure 4: Effect of material of extruder construction on the Benbow–Bridgwater parameters
τW and σY for soap, from the apparatus described in figure 1. Each data point is obtained
from a straight line fit to twelve extrusion experiments with six dies (each repeated twice).
Bars indicate 90% confidence intervals to the straight line fits. Barrels of diameter 25 mm
and dies of diameter 3 mm.
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Figure 5: Extrusion profiles of soap through the two-stage extrusion die using a secondary die
of length 22 mm and diameter 3 mm. (a) Vslip = 1.25 mm/s and (b) Vslip = 40 mm/s
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Figure 6: τW for soap as a function of ram displacement for each of four secondary dies,
three with diameter 3 mm and lengths 5, 22 and 35 mm, and one with diameter 4 mm and
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Figure 7: Wall shear stress derived from two-stage die extrusions with soap as a function of
(a) pressure in the primary die, and (b) slip velocity in the primary die. Lines represent a
least-squares linear fit to the data shown on each plot, and do not account for any effect of
coupled pressure and velocity dependence.
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Figure 8: Slip force profile for soap using the compressed slip device, increasing the slip
velocity after each upward/downward cycle, finishing on a repeat of the lowest slip velocity.
Confining pressure on the order of 5 MPa and billet length 19 mm. Slip velocity varies from
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Figure 9: Wall shear stress measured using the compressed slip device for soap billets of
different aspect ratios (Lb/D0) at a confining pressure of 20 MPa± 2 MPa. D0 = 25 mm.
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Figure 10: Wall shear stress measured using the compressed slip device for soap billets of
length 19 mm (Lb/D0 = 0.76) as a function of (a) slip velocity and (b) confining pressure.
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Figure 11: Comparison of wall shear stress values from all three methods presented over the
intermediate velocity range of 0–50 mm/s. The line for the SS extruder is the same as shown
in figure 4(a) (data points omitted for clarity), while the lines for the two-stage extrusion die
and compressed slip device were generated using the models fitted to the experimental data
for each device (equation 4), evaluated at 10 MPa where appropriate (representative of the
pressure in the stainless steel extruder).
34
List of Tables
1 Data on the three extruders used. Surface roughness measure-
ments are of the barrel walls taken using stylus profilometry. . . 36
35
Table 1: Data on the three extruders used. Surface roughness measurements are of the barrel
walls taken using stylus profilometry.
Material Wall roughness Ra (µm) Thermal diffusivity (m
2/s) Reference
Tungsten carbide (WC) 0.039 1.0× 10−5 Blau and Bayer (2003)
Stainless steel (SS) 0.102 3.5× 10−6 Blumm et al. (2007)
Polycarbonate (PC) 1.940 1.4× 10−7 Choy et al. (1987)
36
